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secondary rays

primary ray
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eye point

image plane
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Solve for intersection:
(o+td—c)>—R*=0 d
o~
at? +bt+c =0, where
a=d-d
b=2(o—c)-d

c=(0—-c)-(o—c)—R?

XEEXHE (Gi%) B— X TFHERUERK,
BT HEMNTFRIPRARERARENE,
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BRZWNFRE, HARENEXFH.

TRE| T —Fh MT 8%, BR7T ZRiRIIN=AFE 21T,
Gramer’s Rule HEETRE high-cost, RLERULETTE.

Moller Trumbore Algorithm

A faster approach, giving barycentric coordinate directly

Derivation in the discussion section!

O+MD=(1-b-b,)P, +bP, +b,P,
Y

= Where: Recall: How to determine
t ,*E, L if the “intersection” is
b |= 1 s . s E] =P -P, inside the triangle?
1 SR |0 ° R A .
b, 1 S,*D E,=P,-P, Hint
- - (1-b1-b2), b1, b2 are
S=0-P, barycentric coordinates!
Cost = (1 div, 27 mul, 17 add) §l =f)x1—<°:2
m S, - SxE, [
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Bounding Volumes E1FEI{#TR (BEXR)

Understanding: box is the intersection of 3 pairs of slabs

Specifically: ,

We often use an

Axis-Aligned

Bounding Box (AABB)

T EER)

i.e. any side of the BB ]
is along either x, y, or z /
axis /

X AABB EIEEE MNMFARANTMENMAIURT. BEAXEASXEFERRESLE,



2D example; 3D is the same! Compute intersections with slabs
and take intersection of tmin/tmax intervals

Note: tmin< 0

Xo X1

‘Xo X1 ‘Xo X1

Intersections with x planes Intersections with y planes Final intersection result E

XNEWEERER, ¢, M by, SEEEXTHES—WHENEREERNRE, BAEF
HYRBRNEEX e, HCMEFmENENEEARIRNRE,

TEF and TENERN = EFAEXNENEEEFINMNRZE and T4 = (FE)YE4 and 7 x Xt
EABEEERTR) and (FE)Yt4k and £ y WEMEEAFFD) and (EHE and 7 z WEMNEE
1&73)

ARXNTEFIICERZ TENXMET, RKIEXT key idea HAKIE, EIRERMLER
RIZAHBEAT AR,

* Recall: a box (3D) = three pairs of infinitely large slabs

* Key ideas
- The ray enters the box only when it enters all pairs of slabs

- The ray exits the box as long as it exits any pair of slabs
* For each pair, calculate the tmin and tmax (negative is fine)
e For the 3D box, tenter = max{tmin}, texit = min{tmax}
B, WRFMHRLEEERALT, BAMFART

* However, ray is not a line

- Should check whether t is negative for physical correctness!

e What if texit < 0?

- The box is “behind” the ray — no intersection!

e What if texit >= 0 and tenter < 0?

- The ray’s origin is inside the box — have intersection!

* In summary, ray and AABB intersect iff

- tenter < texit && texit >= 0



PERIKICINIR,
S—MAEENTEIDIR, S MR EEMEEZ LA,
Q Heuristic:

C) e #cells = C * #objs
e C=~27in3D
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Spatial Partitions ZFaElfl%
H—FHDR, SRF—EEHIN. (F 0ler BEE KD-Tree FEMHELRRIED
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Oct-Tree KD-Tree BSP-Tree

Note: you could have these in both 2D and 3D. In lecture we will illustrate principles in 2D.

XA/ IR/ )\ AN E A R A,

KD-Tree BAAN_XH, MERAKNZ AABB BEEEZ,
BSP-Tree FARIFMSHAEAIMIZITR,

KD-Tree

KD-Tree fRZARMEIT A PREMIRET “FIRESICLABRBIMIAE”, (BEEE—RAXAR
ARTKERYANREAMER =B, FMUEENZERREIES M.

B, AE=ZAIESTFENRER MRENR.



Object Partitions and BVH (Bounding Volume Hierarchies)

SNE, EWmARRT INFERERE SYIEERIN=HA,
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=2 TR, B—MRIETETHFTIRMB Bounding Volumes REETEHIYS), £
MZRIETHFHTRRNN=ATHRERENS,

How to subdivide a node?

® Choose a dimension to split
® Heuristic #1: Always choose the longest axis in node

® Heuristic #2: Split node at location of median object
ERE T EARRGHPAU=AR, URIWNAIREM kth [#, ERZRBEERER L 2
[EREEE &
SISHRAFTAE, 1B, FrLUCLBERIIFHIFR Ko

Intersect(Ray ray, BVH node) {

if (ray misses node.bbox) return; node
— >
if (node is a leaf node) v ZS
b test intersection with all objs; 2 ——,

return closest intersection; 4

hitl
hit2

v
g A
Intersect(ray, node.childl); tgf

Intersect(ray, node.child2);

return the closer of hitl, hit2;

}

HREBLERI—OIE, AER—NRENREHBERFE, bk,
PR RILORAZ R REVREEEREDE, o

XBEHE—T, 12, KD-Tree 1 BVH EBIMEIaIBIRLEREHKITERA ABB F2XHY
BER, M DeepLearning JAELEMITETTHINREEXTJLAIEEE ZAY Bounding
Volumes HEEBRIFHINERNE......IfIGRET, BATNEEAMER L RNIZSEESE
B, {ErlgERA T T2 RRNNLEERE %,




Basic Radiometry (8JIEEF
XNMEBRFMIEE Physical, BRERFEBIRNEM (FIERNENNIEI/LIEBERR pro-nax),.

MR LR KGFEE, BAFETED LM TR,

RELLER

TEXARIE BliZis

radiant flux  #8&E iEgREENIEEER (ThE)
intensity = =<TIVAVE Y N=2 )t NEtE N =)
irradiance AR IR ES RS

radiance BRI RS RAREmIRNGS

SARRH AT ER, EEESIRERE I FKIER—TE,

Definition: Radiant energy is the energy of electromagnetic
radiation. It is measured in units of joules, and denoted by
the symbol:

Q [J = Joule]

Definition: Radiant flux (power) is the energy emitted,
reflected, transmitted or received, per unit time.

d
Q [W = Watt] [lm = lumen]

Bt Radiant flux FSCENFAGRRERESE, FEHEMEE—TEESHIFN RITEESE,
IBEERMBEAIET W BEHEAE lumen SRBH, lumen B—PMHEPRIE(L,
ETFRZEEE=MA,

w

Light Emitted Light Falling Light Traveling
From A Source On A Surface Along A Ray

"Radiant Intensity” “Irradiance” “Radiance”



Definition: The radiant (luminous) intensity is the power per unit
solid angle (?) emitted by a point light source.

(L)
do
l(w)= —
(W)= -
o<
Wi |1
‘ l—"] [E = c¢d = candela
ST ST
| & The candela is one of the seven Sl base units.

intensity MR RIBITEEE FTHIE, EEEARIEERIE, SEEREICIZEHLSE,
candela 2 MRARIM,

~—

Angle: ratio of subtended arc length l
on circle to radius

T
09:£
r

® Circle has 27 radians

Solid angle: ratio of subtended area on e
sphere to radius squared =
0. A —
° = r—2 \
® Sphere has 47 steradians
XEBHNNE, RAARZAIBNELARARULHET, BiE,

XEEENUKANAEINN SN RERILEE.
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f—T1EL 5.
IR7E Render BN TEEF G KL T? RIEFA—TF Vector.hpp ERIREITT o
IBIEIRES T .

C:/Users/zhecai/Downloads/Assignment5/Code/Renderer.cpp: In member function 'void
Renderer: :Render(const Scene&) ':
C:/Users/zhecai/Downloads/Assignment5/Code/Renderer.cpp:215:11: warning: unused
variable 'scale' [-Wunused-variable]
215 | float scale = std::tan(deg2rad(scene.fov * 0.5f));

| [ N
C:/Users/zhecai/Downloads/Assignment5/Code/Renderer.cpp:216:11: warning: unused
variable 'imageAspectRatio' [-Wunused-variable]

216 | float imageAspectRatio = scene.width / (float)scene.height;

| VaS
FIRAILIRENRER, EESRMRIEAMTMERBRERRE,

He5 aspect ratio SFEEEAIMEESLL, HAUREEL, XBRBIRAUEHETS

// Also, don't forget to multiply both of them with the variable *scale*, and
// X (horizontal) variable with the *imageAspectRatio*

FREEHMT, u M v BIEEF?

SRERENERAINT st = st0 * (1 - uv.x - uv.y) + stl * uv.x + st2 * uv.y;
i, FERSEOALITSEIN, BT K, BRKRE K.

RELEETA ubsan E, B, XTEMFRE liunx THRE, FRLA......

(RayTracing PUBLIC)

+ - cmd D a -

ult deleteISe EEE7 M headERKSA |+6x7e): more undefined references to ~_ ubsan handle type mismatch vi' follow

-1 /msys64/ucrtea/bin/. . /1ib/gcc/x86_64-wed-mingw32/14.2.8/../../../../x86_64-wba-mingw32/bin/1ld.exe: (MakeFiles/RayTracing.dir/Renderer.c
pp.o:Renderer.cpp: (.text$_zNSt27 _uninitialized default n_1I1beEE18 uninit_default nIP8vector3fyEET_S4 Te [_ZNst27_ _uninitialized defaul
t_n 1TLbBEE18 uninit_default nIP8Vector3fyEET_S4 Te ]+@x7e): undefined reference to ~__ubsan_handle_pointer_overflow’
C:/msys64/ucrt64/bin/. . /lib/gcc/x86_64-we4-mingw32/14.2.0/../../../../x86_64-we4-mingw32/bin/1ld.exe: CMakeFiles/RayTracing.dir/Renderer.c
pp-o:Renderer.cpp: (.text$ ZNSt10 Head baselly®oEP60bjectLb@EE7 M headERKS2 [ ZNSt10 Head baseILy®EP60bjectlb@EE7 M headERKS2 [+6x30): unde
fined reference to ~__ubsan handle type mismatch vi’

C:/msys64/ucrté4/bin/. . /lib/gcc/x86_64-wbd-mingw32/14.2.8/../../../../x86_64-wb4-mingw32/bin/ld.exe: CMakeFiles/RayTracing.dir/Renderer.c
pp.o:iRenderer.cpp: (.text$ ZNSt10 Head baseIlLy®EP60bjectLbOEE7_M headERKS2 [_ZNSt1@ Head_baseIly@EP6ObjectLbOEE7 M headERKS2 ]+6x56): unde
fined reference to ~__ubsan_handle_type mismatch_vi'

C:/msys64/ucrt64/bin/. . /lib/gcc/x86 64-wbd-mingw32/14.2.8/../../../../x86 64-w64-mingw32/bin/1d.exe: CMakeFiles/RayTracing.dir/Renderer.c
pp-o:Renderer.cpp: (.text$ ZNSt10 Head baselly®EP60bjectLbBEE7 M headERKS2 [ ZNSt10 Head baseILy®EP60bjectlb@EE7 M headERKS2 [+6x7e): unde
fined reference to ~__ubsan handle type mismatch vi’

C:/msys64/ucrt64/bin/. . /lib/gcc/x86_64-we4-mingw32/14.2.0/../../../../x86_64-we4-mingw32/bin/1ld.exe: CMakeFiles/RayTracing.dir/Renderer.c
pp.o:Renderer.cpp: (.text$ ZNSt11l Tuple implILyeEIPSLightStldadefault deleteISe@ EEE7 M_headERKS4 [ ZNSt11l Tuple implILyeEIPSLightStiddefaul
t deleteTS6 EEE7 M headERKS4 [+6x30): undefined reference to ~_ ubsan handle type mismatch vi'

C:/msys64/ucrté4/bin/. ./lib/gcc/x86 64-wbd-mingw32/14.2.8/../../../../x86_64-wb4-mingw32/bin/ld.exe: CMakeFiles/RayTracing.dir/Renderer.c
pp-o:Renderer.cpp: (.text$ ZNSt11 Tuple implILy@EIpsLightStiddefault deleteISe EEE7 M headERKS4 [ 7ZNSt11l Tuple implILy@EIP5LightStiddefaul
t deleteISe EEE7 M headERKS4 ]+@x56): undefined reference to ~__ubsan_handle type mismatch vi'

C:/msys64/ucrt64/bin/. . /lib/gcc/x86_64-wb4-mingw32/14.2.0/. /.. /%86_64-wb4-mingw32/bin/1d.exe: CMakeFiles/RayTracing.dir/Renderer.c
pp.o:Renderer.cpp: (.text$ ZNSt11l Tuple implILyeEIPSLightStldadefault deleteISe@ EEE7 M_headERKS4 [ ZNSt11l Tuple implILyeEIPSLightStiddefaul
t deleteIS® EEE7 M headERKS4 [+@x7e): more undefined references to ~  ubsan handle type mismatch vi® follow

collect2.exe: error: 1d returned 1 exit status

make[2]: *** [(MakeFiles/RayTracing.dir/build.make:132: RayTracing.exe] 1% 1

make[1]: *** [cMakeFiles/Makefile2:87: CMakeFiles/RayTracing.dir/all] £5i% 2

make: *** [Makefile:91: all] #4i% 2

MERY KR TR TATIR—ER. ... FBRRETFH, —HEXERL.



target compile options(RayTracing PUBLIC -Wall -Wextra -pedantic -Wshadow -Wreturn-
type) #-fsanitize=undefined)

target compile features(RayTracing PUBLIC cxx_std 17)

target link libraries(RayTracing PUBLIC) #-fsanitize=undefined)

ERT— .ppm Xf+, A VSCode RYIEHE—T.

B..... R,
FIEET T EMAREES T TH......
1B x, v oUXEE

float xmid = scene.width/2.0f, ymid=scene.height/2.0f;
X = (x - xmid) / (float)scene.width * scale * imageAspectRatio;
y = (y - ymid) / (float)scene.height * scale;

BHREZAKN. ... FBIELEREIRARRA RN BRILEIESRE (y-ymid) 2L
(ymid-y) ®ITT
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